Here we examine the contribution of actin dynamics to the architecture and pH of the Golgi complex. To this end, we have used toxins that depolymerize (cytochalasin D, latrunculin B, mycalolide B, and Clostridium botulinum C2 toxin) or stabilize (jasplakinolide) filamentous actin. When various clonal cell lines were examined by epifluorescence microscopy, all of these actin toxins induced compaction of the Golgi complex. However, ultrastructural analysis by transmission electron microscopy and electron tomography/three-dimensional modelling of the Golgi complex showed that F-actin depolymerization first induces perforation/fragmentation and severe swelling of Golgi cisternae, which leads to a completely disorganized structure. In contrast, F-actin stabilization results only in cisternae perforation/fragmentation. Concomitantly to actin depolymerization-induced cisternae swelling and disorganization, the intra-Golgi pH significantly increased. Similar ultrastructural and Golgi pH alkalinization were observed in cells treated with the vacuolar H þ -ATPases inhibitors bafilomycin A1 and concanamycin A. Overall, these results suggest that actin filaments are implicated in the preservation of the flattened shape of Golgi cisternae. This maintenance seems to be mediated by the regulation of the state of F-actin assembly on the Golgi pH homeostasis. Cell Motil. Cytoskeleton 63: 778-791, 2006. '
INTRODUCTION
Membrane trafficking to and from the Golgi complex is clearly associated with the cytoskeleton in eukaryotic cells. Whereas this association was initially established only for microtubules [Thyberg and Moskalewsky, 1999; Allan et al., 2002; Rios and Bornens, 2003] , results from several laboratories have also demonstrated the involvement of microfilaments in mammalian cells [Stamnes, 2002; Egea et al., 2006] . Moreover, a role for actin dynamics is strongly suggested by the involvement of some actin cytoskeleton regulatory molecules and actin-binding or actin-associated proteins in the formation and/or movement of transport intermediates. Those include Cdc42 and some downstream signalling effectors such as N-WASP, Arp2/3, and LIMK1 [Erickson et al., 1996; Fucini et al., 2002; Luna et al., 2002; Carreno et al., 2004; Chen et al., 2004a; Matas et al., 2004; Rosso et al., 2004] , Cdc42-GAP protein [Dubois et al., 2005] , the Cdc42-related protein TC10 [Kanzaki et al., 2002] , mAbp1 [Fucini et al., 2002; Kessels and Qualmann, 2002] , non-muscle myosin II [Heimann et al., 1999; Duran et al., 2003 ], Golgi-specific spectrin and ankyrin isoforms [Beck et al., 1994 [Beck et al., , 1997 Deverajan et al., 1996] , the spectrin family member syne-1 [Gough et al., 2003 [Gough et al., , 2004 , syndapins Qualmann, 2002, 2004] , the Sla2/Huntingtin-interactin protein 1 member Hip1R [Carreno et al., 2004] and cortactin [Cao et al., 2005] . Collectively, these data indicate that a complex molecular machinery regulates actin dynamics in Golgi membranes, which seems to be involved in Golgi-associated transport events.
As an initial step, the use of actin toxins is extremely useful for the examination of the putative involvement of the actin cytoskeleton in various cellular events (endo/exocytosis, cell motility and migration, cell polarity and differentiation, axonal transport and neuritogenesis, amongst many others). Cytochalasins are widely used to study the putative involvement of F-actin in the cellular process of interest. However, it is important to utilize more than one actin toxin because depending on the anti-actin agent used, disparate results are obtained. For instance, on the basis of results obtained using cytochalasin D (CyD) we initially reported that membrane dynamics at the ER/Golgi interface was actin-independent [Valderrama et al., 1998 ]. In contrast, in a subsequent study, using latrunculin B (LtB) or Clostridium botulinum C2 toxin (C2 toxin), we reported that microfilaments were involved in the retrograde (Golgi-to-ER) but not anterograde (ER-to-Golgi) membrane pathway [Valderrama et al., 2001] . These disparate results are due to the fact that, unlike LtB and C2 toxin, CyD does not appear to produce a significant net depolymerization of F-actin [Morris and Tannenbaum, 1980] . However, when examining the effect of actin toxins on Golgi morphology, these three F-actin disrupters (CyD, LtB and C2 toxin) caused the same compaction of the Golgi complex [Valderrama et al., 2001] , which occurred before the rounding up of cells [Valderrama et al., 1998 [Valderrama et al., , 2001 . Thus, results obtained with these three F-actin depolimerizing agents indicate that there is a high sensitivity of the Golgi shape to changes in the organization of the actin cytoskeleton but it is not always necessarily followed by alterations in the Golgi-associated membrane dynamics or protein transport [di Campli et al., 1999] .
Here we examine the contribution of actin filaments to the architecture of the Golgi complex by comparing the effect of several F-actin depolimerizing and stabilizing drugs. Our data unravel an interesting new functional link between actin filaments, Golgi cisternae morphology and intra-Golgi pH homeostasis.
MATERIALS AND METHODS

Antibodies, Reagents and cDNAS
Mouse monoclonal antibodies to giantin were kindly provided by H.-P. Hauri (Biozentrum, Basel University, Switzerland). Goat anti-mouse-FITC was from Jackson ImmunoResearch (West Baltimore, PA, USA). Latrunculin B (LtB), mycalolide B (MyB), bafilomycin A1 (Baf), concanamycin A (ConcA), and nocodazole (NZ) were from Calbiochem (EMD Biosciences, Darmstadt, Germany), and TRITC-phalloidin, cytochalasin D (CyD), monensin and nigericin were from Sigma (St. Louis, MO, USA). Jasplakinolide (Jpk) was from Molecular Probes (Eugene, OR, USA). C2I and C2IIa components of Clostridium botulinum C2 toxin (C2 toxin) were obtained as described [Barth et al., 2000] cDNAs encoding the N-terminal of human b1,4-GT fused enhanced mutants GFP (EGFP), CFP (EGFP) or YFP (EYFP) mutants were used as described [Llopis et al., 1998 ]. EMbed-812 embedding media kit and the reagents used in electron microscopy experiments were from Electron Microscopy Sciences (Hatfield, PA,Life Technologies (Paisley, UK) supplemented with fetal bovine serum (FBS) from Gibco, penicillin (100 U/ml), streptomycin (100 lg/ml), L-glutamine (20 mM) and MEM sodium piruvate (10 mM). Cell cultures were maintained at 378C in a humidified 5% CO 2 atmosphere.
Actin toxins were diluted in DMEM supplemented with FBS (10%) with the exception of C2 toxin. In these experiments, cells were rinsed twice with DMEM without FBS and then incubated with C2 toxins diluted in DMEM with the presence of low FBS (0.5%).
Indirect Immunofluorescence
Indirect immunofluorescence was carried out as described previously [Valderrama et al., 1998 [Valderrama et al., , 2000 with the following antibody dilutions: anti-giantin, 1:500 and goat anti-mouse FITC, 1:50. TRITC-phalloidin was used at 1:500. Coverslips were mounted on microscope slides using Mowiol (Calbiochem, EMD Biosciences, Darmstadt, Germany). Microscopy and imaging were performed with a B 360 epifluorescence microscope (Olympus, Tokyo, Japan) with an Orca-ER cooled CCD camera (Hamamatsu Photonics, Japan) or with a TCS-NT confocal microscope (Leica Microsystems, Heerbrugg, Switzerland). The images were processed using Adobe Photoshop CS software (Adobe Systems, San Jose, CA).
Transmission Electron Microscopy
NRK, HeLa, or Vero cells were rapidly fixed with 1.25% glutaraldehyde in PIPES buffer (0.1 M, pH 7.4) containing sucrose (2%) and Mg 2 SO 4 (2 mM) for 60 min at 378C. Cells were then gently scraped, pelleted at 100 g 10 min, rinsed in PIPES buffer solution (3 3 5 min) and postfixed with 1% (wt/vol) OsO 4 , 1% (wt/vol) K 3 Fe(CN) 6 in PIPES buffer for 1 h at room temperature in the dark. After cells were treated for 5 min with tannic acid (0.1%) in PIPES buffer, rinsed in distilled water, block-stained with 1% uranyl acetate in 70% ethanol for 1 h, dehydrated with graded ethanol solutions and finally embedded in Epon plastic resin. Ultrathin sections (50-70 nm thick) were stained with lead citrate and observed on a JEOL 1010 electron microscope. Micrographs of randomly selected areas were obtained with a Gatan Bioscan digital camera at the same final magnification (50,0003) and analyzed using point-counting procedures. The stereological parameters were determined using standard procedures [Weibel, 1979] . The minimum sample size of each stereological parameter was determined by the progressive mean technique (confidence limit of 5%).
Electron Tomography and 3D Modeling
Sections (250 nm) of chemically fixed (2% glutaraldehyde plus 1% formaldehyde in 0.1 M cacodylate buffer, pH 7.4), Epon-embedded Hela cells were transferred to Butvar-coated copper slot grids. Colloidal gold particles (10 nm) were added to one side of the grid to serve as fiducial markers for aligning the series of tilted images. Tilt series of representative Golgi stacks were automatically recorded [Ziese et al., 2002] at 200 kV using a Tecnai20 electron microscope (FEI/Philips Electron Optics, Eindoven, The Netherlands) equipped with a slow-scan CCD camera (TemCam F214, TVIPS GmbH, Germany) and a motorized goniometer. Every specimen was tilted about two orthogonal axes from À658 to þ658 at 18 intervals, resulting in two datasets of 131 high-resolution digital images. Using the program package IMOD [Kremer et al., 1996] , images were then aligned and a tomogram was computed from each tilt series. The two single-axis tomograms were merged into one [Mastronade, 1997] and the tomographic dual-axis reconstruction was interpreted and modeled using IMOD software.
Gene Transfection
HeLa cells grown in glass coverlisps at 200,000 cells/ml were transiently co-transfected with FuGene (Roche Diagnostics) containing GT-EGFP and GT-ECFP or GT-EYFP and GT-ECFP cDNAs (0.5 lg each), which were expressed for 24 h.
Calibration Protocols, Intra-Golgi and Cytoplasmic pH Determinations, and Live Cell Imaging Co-transfected HeLa cells expressing GT-EGFP and GT-ECFP or GT-EYFP and GT-ECFP were first treated with the respective anti-actin agent, or vacuolar H þ -ATPase inhibitor at 378C. Thereafter, cells were rinsed in HBSS medium supplemented with 24 mM NaHCO 3 , 50 mM HEPES and 10 mM glucose at 228C and under a continuous flow of 5% CO 2 . At this point, in situ Golgi-associated GT-EGFP/GT-ECFP or GT-EYFP/ GT-ECFP ratiometric fluorescence intensities were measured. Then, these cells were quickly rinsed and incubated with at least three different pH calibration buffers resulting from the mixture of different volumes of two solutions (A and B) which contained 70 mM NaCl, 70 mM KCl, 1.5 mM K 2 HPO 4 , 1 mM MgSO 4 , 2 mM CaCl 2 , nigericin and monensin (10 lM each) and 10 mM HEPES (Solution A; pH 8.0) or 10 mM MES (Solution B; pH 5.0). These three ratio measurements established a linear regression from which initial in situ pH G measurement was extrapolated.
For estimation of cytoplasmic pH (pH C ), control and LtB-treated cells were loaded with 5 lM BCECF-AM (Molecular Probes) for 15 min at 378C. Thereafter, cells were rinsed in HBSS medium supplemented with 24 mM NaHCO 3 , 50 mM HEPES and 10 mM glucose at 228C and under a continuous flow of 5% CO 2 . At this point, BCECF ratiometric fluorescence intensities were measured. Then, cells were treated with the different pH calibration buffers as mentioned above and in situ pH C was extrapolated from the linear regression obtained from three BCECF ratio measurements.
Both pH G and pH C ratiometric measurements were obtained with the Aquacosmos software (Hamamatsu Photonics, Japan) from live fluorescence images captured with an Orca-ER cooled CCD camera (Hamamatsu Photonics, Japan) coupled to an epifluorescence microscopy (Leica DM-IRB). The excitation and emission interference filters (Omega Optical, Brattleboro, VT and Chroma Technology Corp. Rockingham, VT) used for Golgi-associated fusion proteins were respectively 430 6 12.5 nm and 470 6 17.5 nm for ECFP and 495 6 10 nm and 535 6 15 nm for EGFP and EYFP. In the case of BCECF, excitation was performed with 495 6 10 nm (pH-sensitive) and 430 6 12.5 nm (pH-insensitive) filters, and emission filter was at 535 6 15 nm.
RESULTS
All Anti-Actin Agents Induce Compaction of the Golgi Complex But Vary in Their Ultrastructural Effects
We have previously reported that the disruption of actin filaments causes compaction of the Golgi complex in NRK cells [Valderrama et al., 1998 [Valderrama et al., , 2001 . However, it is not known (i) whether this unusual Golgi morphology is generated in other mammalian cell lines when the actin cytoskeleton is disrupted by actin toxins and (ii) whether different toxins cause equivalent alterations of Golgi ultrastructure. To address these issues, NRK, HeLa, and Vero cells were treated with several anti-actin agents that depolymerize or stabilize actin filaments. Regardless of the cell line used, treatment with F-actin depolimerizing agents such as CyD, LtB, mycalolide B (MyB) and C2 toxin on one hand, and the actin-stabilizing agent jasplakinolide (Jpk) on the other, resulted in the loss of the normal actin stress fibre organization . Irrespective of the toxin used, the Golgi complex showed an identical compact shape when examined under epifluorescence microscope . When this Golgi compaction was examined at ultrastructural level by transmission electron microscopy (TEM) (Fig. 1) , NRK cells treated with CyD (Fig. 1B) , MyB ( Fig. 1D) or LtB ( Fig. 1F) showed partially fragmented and large swollen Golgi cisternae. Cells treated with C2 toxin showed disorganized cisternae in which the limits of membranes (and lumen) were difficult to distinguish (Fig. 1E, asterisks) . Although Jpk-treated cells showed extensively fragmented Golgi stacks, cisternae remained flat (Fig. 1C ). All actin toxins consistently induced an increase in peri-Golgi coated and non-coated vesicular (round) profiles. Identical ultrastructural alterations were also viewed in Golgi mini-stacks when cells were treated first with NZ and then with actin toxins ( Supplementary  Fig. 2) .
Thus, the ultrastructural alterations produced by C2 toxin in the Golgi complex differed from those produced by the others F-actin depolimerizing agents. We reasoned that these disparate changes in Golgi cisternae induced on the one hand by CyD, LtB, and MyB (swollen cisternae) and on the other hand by C2 toxin (disorganized cisternae) could simply reflect different stages of a common and continuous sequence of ultrastructural changes in this organelle. To address this hypothesis, NRK cells were treated longer with LtB to induce a larger extent of actin filament depolymerization and then processed for TEM. These cells displayed Golgi stacks containing both a mixture of swollen and disorganized cisternae while others showed only disorganized cisternae (Fig. 1G ), which were indistinguishable from those observed in C2 toxin-treated cells (Fig. 1E) .
The actin toxin-induced ultrastructural observations were quantified by stereological analysis (Table I) . Consistently with the qualitative observations, the volume density of cisternae with respect to the Golgi stack (Vv cist-G ) showed a significant increase in LtB-, CyD-, and MyB-treated cells, but remained unaltered in those treated with Jpk. These changes in volume density were accompanied by a significant increase in surface density with respect to the Golgi stack (Sv cist-G ), indicating that these anti-actin agents cause an increase in the amount of cisternae membrane. Finally, actin toxins also induced a significant increase in the numerical density of vesicle profiles (Nv ves-G ).
To gain further insight into the diverse ultrastructural changes of the Golgi apparatus caused by actin toxins, tomograms of Golgi stacks were obtained from untreated and LtB-and Jpk-treated cells. Figure 2A shows a tomographic slice from a dual-axis tomogram containing a representative Golgi stack (movie 1). The Golgi cisternae in the tomogram of control HeLa cells, appeared similar to the conventional ultrathin sections of NRK cells (compare Fig. 2A with 1A) . As previously reported for NRK cells [Ladinsky et al., 1999] , a representative 3D model of the Golgi stack of HeLa cells consisted of seven stacked cisternae (C1-C7; Fig. 2C and movie 2). Individual cisterna displayed a continuous, smooth membrane surface ( Fig. 2D ; movie 2). Transcisternae (C6-C7) were identified by their tight association with clathrin-coated vesicles (recognized by the presence of a lattice on their surface and their large size) (Figs. 2B and 2C, pink) . Some buds (grey) and vesicles (white; 50-70 nm) showed no preferential association with any cisterna although most of them tended to be located in the lateral regions (Fig. 2C) . Analysis of tomograms and 3D models of Golgi stacks of HeLa cells Fig. 1 . Ultrastructural alterations of the Golgi complex induced by actin toxins. Control (A), CyD-(1 lM/60 min; B), Jpk-(500 nM/45 min; C), MyB-(100 nM/60 min; D), C2 toxin-(100 ng/ml C2I plus 200 ng/ml C2IIa/4 h; E), and LtB-(500 nM/45 min, F; 500 nM/90 min, G) treated NRK cells were processed for TEM. Note that the F-actin disrupters CyD (B), MyB (D), and LtB (500 nM/45 min; F) caused some fragmentation and large swelling of Golgi cisternae, whilst C2 toxin (E) or longer incubation times of LtB (500 nM/90 min; G) produced a disorganized cisternae (membrane limits and lumen were not distinguished; asterisks). In contrast, Jpk treatment (C) only induced fragmentation of the Golgi cisternae. All the actin toxins also induced an increase in periGolgi coated and non-coated vesicle profiles. n; nuclei, Bar, 200 nm. treated with LtB (movies 3 and 4, respectively), Jpk (movies 5 and 6, respectively) revealed significant differences compared with untreated cells. LtB (500 nM/45 min) induced significant swelling of stacked cisternae and an increase in the number of associated vesicles, which were preferentially accumulated in the lateral portions of swollen cisternae (Fig. 2E and inset) . Cisternae viewed in the z-axis showed perforations/fragmentations that interrupted the continuity of stacked cisternae (Fig. 2F) . Unlike LtB, Jpk-treated cells displayed flattened cisternae although they showed numerous perforations/fragmentations (Figs. 2G and 2H) . Interestingly, vesicles were nonuniformly distributed, being mostly located in the lateral portions of stacked cisternae (Fig. 2G ) and between the perforation/fragmentation of trans-cisternae (C5-C7) (Fig. 2G, arrow) . EM-tomography and complete stereological data of Golgi stacks in LtB (500 nM/90 min)-and C2 toxin-treated cells (Table II) was hampered by the fact that the cisternae membrane was poorly resolved in numerous zones (asterisks in Figs. 1E and 1G) .
Collectively, ultrastructural results indicate that Factin depolymerization first induces severe swelling of partially perforated/fragmented Golgi cisternae, which leads to a completely disorganized structure. In contrast, the stabilization of F-actin produces a large cisternae perforation/fragmentation without significant swelling. These different actin toxin-induced alterations in cisternae morphology are microtubule-independent.
Both Golgi Complex and Actin Cytoskeleton Alterations Induced by Actin Toxins Are Reversible
Next, we examined whether these ultrastructural Golgi alterations are reversible after withdrawal of the actin toxins (Fig. 3) . In every cell line examined, we found that the reformation of actin stress fibre organization and normal perinuclear and reticular Golgi complex morphology was also different for each actin toxin (Supplementary Table) . For example, in CyD-or LtB-treated Vero cells, some actin stress fibres were already seen at 15 min (Fig. 3A) but a completely normal actin stress fibre organization and Golgi complex morphology only took place respectively after 60 and 90 min of the drug withdrawal (Fig. 3B) . However, in cells previously treated MyB or Jpk, a normal actin cytoskeleton did not appear until 48 h (Fig. 3E ) or 32 h (Fig. 3H ) after their removal from the medium. In contrast, C2 toxin-induced alterations of the actin cytoskeleton and Golgi complex were both irreversible (data not shown). After the withdrawal of MyB or Jpk, there were marked differences in the process of recovery of Golgi morphology and, more significantly, in the actin organization. In MyB-washout Vero cells, the Golgi complex was reconstituted in the expected juxtanuclear position and located between accumulations of small F-actin spots (Fig. 3D , arrowheads and inset). In the case of Jpk, the actin cytoskeleton was still significantly disassembled 4 h after withdrawal (data not shown) but after 8 h, although actin stress fibre density and organization was practically normal, the Golgi complex was always localized to the vicinity of a single, large and well delimited F-actin aggregate ( Fig. 3G and inset) . This large F-actin aggregate disappeared 32 h after the drug removal, at which time both the actin cytoskeleton and Golgi complex morphology were normal (Fig. 3H) . Ultrastructural analysis of the Golgi complex in LtB-, MyB-and Jpk-washout Vero cells showed a normal flattened cisternae morphology (Figs. 3C, 3F , and 3I, respectively), which was indistinguishable from that seen in untreated NRK or HeLa cells (Figs. 1A and 2A, respectively) and, moreover, regardless of their association with F-actin inclusion bodies (-MyB and -Jpk). Like in Vero, NRK cells showed similar results (Supplementary Fig. 3 ).
Depolymerization But Not Stabilization of F-Actin Raises Intra-Golgi pH
The molecular basis of the maintenance of the characteristic flattened Golgi architecture is unknown and can only be speculated on. However, we reasoned that by analogy to what has been reported at the plasma membrane, it might be linked to the maintenance of intra-Golgi ion and pH homeostasis by the regulation of the actin cytoskeleton on Golgi-associated vacuolar H þ - ) of peri-Golgi vesicle profiles with respect to the Golgi stack. Data represents means 6 SD of three independent experiments. * Significant differences with respect to the control; Student's t test (P 0.01). The cis-to-trans cisternae, vesicles, and buds are outlined with different colours (cis-C1, blue; C2, light blue; C3, green; C4, yellow; C5, orange; C6, red; trans-C7, brown; non-clathrin-coated vesicles, white; buds, grey; clathrin-coated vesicles, pink) to generate a 3D model (C). (D) A þ 308 z-axis with À458 x-axis rotation of the C2, C3, and C4 cisternae from the 3D model shown in C. Note that the cisternae are flattened and show few fenestrations. The lateral view of the C2, C3, and C4 cisternae modelled from Golgi stacks of LtB-and Jpk-treated cells (F and H respectively) shows perforations that differ in size. In Jpk-treated cells (H), cisternae perforations are numerous and large, explaining the fragmented appearance of the Golgi in conventional TEM images (see Fig. 1C ). Note also the increased number of vesicles seen in the 3D models of both LtB-and Jpk-treated cells (E and G respectively; arrow in G). In LtB-treated cells, the lateral portion of the C2 cisterna shows extensive branching that overlaps with the swollen lateral portion of the C1 cisterna (white arrow in F and inset in E which is magnified and rotated À1808 around the x-axis). Bars, 200 nm. ATPases and ion exchangers [Glickman et al., 1983; Al Awqati, 1995; Demareux et al., 1998; Thompson et al., 2002; Nakamura et al., 2005] . Therefore, we examined whether the actin toxin-induced alterations of Golgi cisternae ultrastructure were accompanied by changes in intra-Golgi pH (pH G ). To this end, HeLa cells were cotransfected with cDNAs encoding N-terminal 81 aa residues of the Golgi-resident integral membrane protein GT fused to EYFP, EGFP or ECFP [Llopis et al., 1998 ]. It is important to highlight that (i) both EGFP and EYFP fluorescence intensities are highly pH-sensitive, (ii) ECFP, which is much less sensitive to pH that either of the others, is used as a reference to correct putative changes in the cell focussing that could modify fluorescence emission only due to expected pH changes, and (iii) only EGFP but no EYFP has been found to be insensitive to chloride concentration [Wachter and Remington, 1999; Wachter et al., 2000] . GT-EGFP, GT-EYFP and GT-ECFP mostly localized to the Golgi complex (middle/ trans cisternae) of HeLa cells [Llopis et al., 1998 ]. Single wavelength fluorescence intensities of both GT-EGFP (or GT-EYFP) and GT-ECFP were simultaneously measured in the Golgi region of the same co-transfected cell. Then, the ratios of GT-EGFP/GT-ECFP or GT-EYFP/GT-ECFP (pH G sensor/reference) were calculated pixel by pixel. Ratio images were calibrated in terms of pH values by using the proton ionophores monensin and nigericin with extracellular solutions of know pH values. Importantly, EGFP/ECFP or EYFP/ECFP ratiofluorescence is insensitive to toxin-induced cell volume changes, movements, or changes in focus that could happen during pH calibration measurements, since both sensor and reference were diluted to the same extent. As previously reported [Llopis et al., 1998 ], control HeLa cells showed an average pH G of 6.4 (Table II) . When cells were treated with LtB, CyD or C2 toxin, intra-Golgi pH significantly raised ( Table II) . Note that the intra-Golgi increase was usually higher in cells measured with GT-EYFP/GT-ECFP than with GT-EGFP/GT-ECFP ratios. This increase is most likely due to the added sensitivity of EYFP fluorescence intensity to a possible perturbed flow of chloride ion across Golgi membranes in F-actin depolymerized cells (see discussion). When LtB was removed from the culture medium (-LtB/90 min) a normal resting pH G value was obtained. Note that in CyD (not shown) and LtB-washout cells (-LtB), both pH G (Table II) and flattened Golgi cisternae ultrastructure normalization (Fig. 3C and Supplementary  Fig. 3C ) occurred simultaneously. Strikingly, the pH G measured in Jpk-treated cells showed no change. Finally, to rule out that the pH G increase associated to the F-actin depolymerization was a mere consequence of pH changes occurring in the cytoplasm (pH C ), cells were loaded with the intracellular pH fluorescent indicator BCECF [Llopis et al., 1998 ]. Both control and LtB (500 nM/90 min)-treated cells showed very similar pH C values 7.21 6 0.10 and 7.25 6 14, respectively (total n ¼ 50 cells in three experiments). Therefore, the results show that F-actin depolymerization perturbs the pH G but not the pH C .
Like F-Actin Depolymerization Agents, Vacuolar H þ -ATPase Inhibitors Bafilomycin A1 and Concanamycin A Also Alkalinize Intra-Golgi pH and Induce Similar Cisternae Ultrastructural Alterations
As a hallmark of actin depolymerization is the elevation of Golgi lumen pH, we next examined whether other well-known components that raise Golgi pH might also induce similar Golgi ultrastructural changes to those observed with F-actin depolymerization agents such as CyD, LtB or C2 toxin. With this aim, NRK cells were treated with the naturally occurring plecomacrolides , 1997] . As expected, pH G was severely alkalanized to values that were similar to those of the cytoplasm [Llopis et al., 1998] (Table II) . When Baf-or ConcA-treated cells were examined at EM level (Fig. 4) , the Golgi ultrastructure showed similar impairments to those observed in LtB (500 nm/45 and 90 min)-or C2 toxintreated cells . In particular, some cisternae were swollen (Figs. 4A and 4B) and some other (usually from the same stack) showed a diffused morphology (Figs. 4C and 4D) . No ultrastructural differences were observed between Baf and ConcA treatments.
DISCUSSION
Here, we have performed a comparative study to assess the participation of actin dynamics in the characteristic stacked and flattened Golgi architecture and pH using a variety of actin toxins to depolymerize or stabilize actin filaments. In summary, F-actin depolymerization first induces perforation/fragmentation and severe swelling of Golgi cisternae, which ends with a complete cisternae disorganization. In contrast, F-actin stabilization does not produce cisternae swelling but their large perforation/fragmentation. In both cases, cisternae remain stacked. Looking for the molecular basis of these morphological alterations, we tested whether the interference in actin dynamics perturbed the Golgi pH home- ostasis, which in turn is determined by the appropriate ion and H þ inflow and outflow occurring in cisternae. The correlation between cisternal morphological alterations and intra-Golgi pH alkalinization seen in F-actin depolymerised cells, on one hand, and the similar Golgiassociated ultrastructural changes caused by the inhibition of vacuolar H þ -ATPases, on the other hand, suggest that the involvement of actin in the Golgi complex architecture could be in part mediated through the regulation of cisternal ion and H þ homeostasis.
How Could Actin Dynamics Be Coupled to the Maintenance of the Characteristic Flattened Morphology of Golgi Cisternae?
Analysis of the alterations of Golgi morphology and positioning caused by actin toxins shows that, unlike what happens with microtubule toxins, the pericentriolar location of the Golgi ribbon is maintained. However, the unique flattened morphology of cisternae is lost. Interestingly, the usual experimental treatments with F-actin disrupters (CyD, LtB and MyB) induce a severe swelling of Golgi cisternae. However, following longer incubation times (LtB and C2 toxin) this swelling is hardly visible and cisternae membrane and lumen limits appear diffused. It is likely that these different Golgi complex alterations induced by depolymerization of actin filaments are representative of a sequential process that begins with the swelling of cisternae (Figs. 1B, 1D and 1F) and ends with a disorganized morphology (Figs. 1E  and 1G ). The latter may simply represent the final cisternae morphological collapse caused by the complete loss of Golgi-associated filamentous actin, which is an essential component to maintain the functional integrity of the Golgi-associated cytoskeletal scaffolding [Beck, 2005] .
The actin depolymerization induced cisternae swelling may be attributable to at least two mutually nonexclusive mechanisms. First, actin filaments (probably together with the Golgi-associated spectrin and ankyrin isoforms) would provide mechanical stability to cisternae, and thus prevent the swelling of cisternae as a result of the hyperosmotic protein content present in the Golgi lumen. The depolymerization of microfilaments would decrease the mechanical stability of the cisterna membrane, leading to its perforation/fragmentation (see 3D models in Fig. 2 ) or swelling (see ultrathin sections and tomograms in Figs. 1 and 2, respectively) . Note, however, that Jpk, an actin stabilizer, induces cisternae perforation/fragmentation but not swelling, suggesting that these two morphological alterations are not necessarily linked. Depolymerization of actin filaments and the subsequent osmotic swelling may also increase membrane tension in the Golgi complex [Morris and Homann, 2001; Sheetz, 2001] and thus decrease the reported differences in tension between the ER and Golgi [Upadhyaya and Sheetz, 2004] slowing down Golgi-to-ER membrane flow. Consistent with this hypothesis is the observation that LtB and C2 toxin treatments reduce the rate of the Golgi disassembly induced by brefeldin A [Valderrama et al., 2001] . Secondly, cisternae swelling could be also generated by the functional uncoupling of actin filaments with ion exchangers and/or vacuolar H þ -ATPases ((V)H þ -ATPases). The former are electrochemically neutral because exchanges cations (NHEs) or anions (AEs), whilst the latter actively pumps H þ resulting in lumen or extracellular acidification. Ion exchangers and (V)H þ -ATPases can be both Golgi-resident and en route to the plasma membrane [Kellokumpu et al., 1988; Kopito, 1990; Moriyama and Nelson, 1998; Nishi and Forgac, 2002; Vitavska et al., 2003; Chen et al., 2004b] . By analogy to NHEs isoforms localized to the plasma membrane (NHE1) and endocytic compartments (NHE3 and NHE5) [Szaszi et al., 2000; Denker and Barber, 2002] , Golgi-associated NHEs isoforms (NHE7 and NHE8) [Nakamura et al., 2005] might be regulated by the state of F-actin in the Golgi complex. In the plasma membrane of red blood cells, an ankyrin/spectrin meshwork associates with anion exchanger 1 (AE1 or Band 3). This interaction is essential for the maintenance of the characteristic flattened shape of the cell and its mechanical stability [Marchesi, 1985; Nishi and Forgac, 2002] . Hence, in the Golgi complex, the potential ankyrin-interacting Golgi membrane protein anion exchanger 2 (AE2) [Holappa et al., 2001; Holappa and Kellokumpu, 2003 ] could provide a functional membrane anchorage site for the Golgi-associated spectrin/ ankyrin/actin cytoskeleton [De Matteis et al., 2000; Valderrama et al., 2000] . The structural role of the AE2 protein in the Golgi complex would be linked to its function (the reversible electroneutral exchange of Cl À for HCO 3 À ), thus contributing to the regulation of intracellular pH, organelle volume, and chloride concentration. Strikingly, in AE2-depleted cells, Golgi stacks display numerous fenestrations and swollen cisternae [Holappa et al., 2004] . On the other hand, it has also been reported that actin-binding activity is a requirement for transport of (V)H þ -ATPase to and from the plasma membrane [Vitavska et al., 2003; Chen et al., 2004b] and therefore, it is reasonable to assume a role for microfilaments and actin dynamics in the delivery and/or activation of (V)H þ -ATPase in endomembrane systems, including the Golgi complex. To this respect, Baf and ConcA treatments induced very similar cisternae ultrastructural alterations (Fig. 4) , which were undistinguishable from those seen in LtB-or C2 toxin-treated cells (Fig. 1) . As expected and concomitantly to these Baf/ConcA-induced Golgi alterations, intra-Golgi pH raised to values that however were higher than those obtained in F-actin depolymerised cells. Therefore, the similar morphological and physiological effects on the Golgi complex produced by actin depolymerising agents and inhibitors of (V)H þ -ATPase suggest that actin regulation of a Golgiassociated (V)H þ -ATPase [Moriyama and Nelson, 1998 ] could be involved in the maintenance of flattened cisternae whilst being coupled to the regulation of an osmotically active molecule exchanger. Actin depolymerization may impair this functional coupling and generate an inappropriate gradient formation (and intra-Golgi pH), which at ultrastructural level would initially lead to cisternae swelling and then to their collapse. Abnormal ion gradients and pH coupled to the loss of actin cytoskeleton integrity in the Golgi complex could impair both protein transport-and non-transport-associated functions (for instance, protein and lipid glycosylation) [Axelsson et al., 2001; Kellokumpu et al., 2002] . In line with this hypothesis, interference with either the activity of (V)H þ -ATPase [Yilla et al., 1993] or with actin polymerization [Hirschberg et al., 1998; Jacob et al., 2003; Cobbold et al., 2004] results in an altered post-Golgi transport. Consistently with these observations, there is an increase in the surface membrane area of the Golgi (Table I) and an abnormal accumulation of peri-Golgi transport carriers in actin toxinstreated cells (Figs. 1 and 2 , Table I ). Strikingly, unlike Factin depolymerization, the Jpk-induced F-actin stabilisation produces neither cisternae swelling nor changes in the intra-Golgi pH.
In conclusion, our data point to a new functional coupling at the Golgi between microfilaments, the maintenance of flattened cisternae and intra-Golgi pH homeostasis.
